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Composition B (Comp B) detonation residuals pose
environmental concern to the U. S. Army because hexahydro-
1,3,5-trinitro-1,3,5-triazine (RDX), a constituent, has
contaminated groundwater near training ranges. To mimic
their dissolution on surface soils, we dripped water at
0.51 mL/h onto individual Comp B particles (0.1-2.0 mg)
collected from the detonation of 81-mm mortars. Analyses
of the effluent indicate that the RDX and 2,4,6-trinitrotoluene
(TNT) in Comp B do not dissolve independently. Rather, the
relatively slow dissolution of RDX controls dissolution of
the particle as a whole by limiting the exposed area of TNT.
Two dissolution models, a published steady-flow model
and a drop-impingement model developed here, provide
good agreement with the data using RDX parameters for time
scaling. They predict dissolution times of 6-600 rainfall
days for 0.01-100 mg Comp B particles exposed to 0.55 cm/h
rainfall rate. These models should bracket the flow
regimes for dissolution of detonation residuals on soils,
but they require additional data to validate them across the
range of particle sizes and rainfall rates of interest.

Introduction
Composition B (Comp B) is a 60/39 mixture of hexahydro-
1,3,5-trinitro-1,3,5-triazine (RDX) and 2,4,6-trinitrotoluene
(TNT) that contains ∼1% wax. It has been used in munitions
since World War II for its high explosive yield. However, it
poses environmental concern to the U. S. Army because RDX
is known to have contaminated groundwater beneath impact
areas at Massachusetts Military Reservation, MA. (1) and Fort
Lewis, WA (2).

Taylor et al. (3, 4) showed that detonations scatter high-
explosive (HE) residuals on ranges as sub-millimeter- to
centimeter-sized particles, with mean size dependent on the
proportional yield of the detonation. Areal concentrations
decreased with distance but were less than one particle per
square centimeter. These observations are consistent with
soil and snow samples that show large, spatially heteroge-
neous variations in HE concentrations on ranges (5, 6).

Dissolution of RDX, rather than its subsequent aqueous
transport, probably controls the rate of the chemical’s entry
into the groundwater. This is because the absorption
coefficient for RDX in soil is low (7), indicating that RDX will

move with the water at the infiltration rate. For sandy soils
and shallow aquifers, rainfall reaches the groundwater in
days to weeks while the dissolution of millimeter-sized
particles will take months to years. Once it is dissolved, factors
that influence RDX groundwater concentrations include
dispersion and dilution.

The dissolution rate of Comp B detonation residuals
depends on variables that include the solubility of its
constituents, the rainfall rate, and the surface area and
composition of the particle (both of which can change as the
particle dissolves). Of these variables, the solubility of RDX
and of TNT are well constrained (8, 9), while the mass, size,
and surface area distributions of HE residuals have been
measured for just a few detonations (3, 4).

Several attempts have been made to measure the dis-
solution rate of Comp B and its constituents. Lynch et al. (10,
11) stirred fixed water volumes to measure the initial
dissolution rates of RDX and TNT particles independently,
in unbound mixtures and as molded Comp B particles. Phelan
et al. (12) measured dissolution rates for layers of Comp B
particles within columns of glass beads subjected to steady
porous flow.

We have taken a new approach. We collected Comp B
residuals from low-order field detonations and characterized
30 particles to determine their structure and compositional
variability. We then dripped water on four individual Comp
B particles and tracked changes in their surface textures,
compositions, and dissolution rates with time. These tests
mimic common field conditions on training ranges, where
rainfall dissolves spatially isolated HE particles on the soil
surface. Last, we simulated the dissolution experiments using
two models that correspond to slow and fast percolation of
rainfall into soil.

Materials and Methods
Comp B Samples. We collected Comp B particles from two
blow-in-place, low-order detonations of 81-mm mortars,
designated LO-a and LO-b (13, 4). To avoid entraining soil,
the munitions were detonated on top of a thick steel table
centered on a 15 × 15-m2 flame-resistant vinyl tarp (13). We
collected the residuals on aluminum trays (66 × 46 cm2)
located on the tarp.

Taylor et al. (4) noted that Comp B particles from low-
order detonations individually had different RDX/TNT ratios.
For this work, we measured the variability in 30 randomly
selected particles. Each particle was weighed on a Mettler
Toledo MX5 microbalance, photographed, and then dissolved
in 1 mL of acetonitrile. The dissolved sample was added to
3 mL of distilled water, and the samples were filtered through
a 0.45-µm Millipore cartridge. We used high performance
liquid chromatography (HPLC), which separates HMX, RDX,
TNT, DNT, and their co-contaminants, to analyze the
samples. We followed method 8330 (14), the standard method
for determining explosive residuals in water. A Water NovaPak
C8 column was eluted at 1.4 mL/min (28 °C) with 85:15 water/
2-propanol mix and detected by UV at 254 nm. Commercially
available standards (Restek) specifically developed for method
8330 were used for calibration. This work provided a measure
of the RDX/TNT variability in the 30 Comp B particles, a
correlation between the measured and the estimated (from
photographs) particle mass, and a check on our analytical
methods.

Dissolution Tests. We selected four Comp B particles for
dissolution experiments. The long duration of each test and
the availability of only one apparatus limited the number of
tests. Particles 2 and 4 were weighted on a Mettler Toledo
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MX5 microbalance before and after the tests. Unfortunately,
we did not measure the initial mass of Particle 1, although
we did measure its total dissolved mass and mass after the
test, which sum to the total HE mass. Also, we measured the
initial mass of Particle 3 but later lost it while removing it
from the apparatus for photographing.

For each test, we placed a single Comp B particle on a
porous glass frit at the base of a glass holder (11 mm in
diameter × 25 mm high) with a luer lock at its top. To the
luer lock, we connected a 20-mL syringe mounted in a syringe
pump. The syringe dripped 0.51 mL/h of Milli-Q distilled
water (pH 6) onto the Comp B particle (equivalent rainfall
rate of 0.55 cm/h). The timed arrival rate of the drops was
fairly steady at 20 ( 1 drops/h. The water flowed through the
frit into precleaned test tubes mounted in a fraction collector.
The room temperature was 22 ( 1 °C. The fraction collector
moved an empty tube into position under the frit every 2 h,
yielding a series of 1-mL samples, which when analyzed,
gave us the RDX and TNT concentrations in the effluent as
a functions of time. At intervals, we transferred the particle
from the frit to a glass dish using a fine-haired paint brush
and air-dried and photographed it to observe surface changes
before continuing the dissolution test. The procedure took
about 15 min. We replaced the glass frit and cleaned the
glass holder between tests.

The water samples were collected daily and prepared for
HPLC analysis. We added 2 mL of distilled water and 1 mL
of acetonitrile to each 1-mL sample. The standards were
prepared using the same ratio of acetonitrile to water. The
samples were filtered into 2-mL vials and stored in a
refrigerator until analyzed (usually within a week). We used
the same configuration of the HPLC for analysis as described
above.

Results
Comp B Samples. We applied tetra-butylammonium hy-
droxide, a reagent that reacts with TNT to form a red product,
on sections of Comp B grains to observe the size and texture
differences between RDX and TNT crystals. Both optical and
electron-microscope images show that Comp B contains
∼100-µm RDX crystals in a matrix of fine-grained TNT and
is not a homogeneous mixture (4). Consequently, individual
particles can vary in their proportions of RDX and TNT. Table
1 shows this variability for 30 Comp B particles from
detonation LO-a.

The average RDX to TNT ratio for the 30 particles was
1.74 ( 0.28, higher than the bulk Comp B average of 60/39
) 1.54. We recovered, on average, 96 ( 1% of the weighed
mass when we dissolved and analyzed the particle for HE
components. The mass not recovered may include wax from
the manufacturing or dirt and metal often seen on the
particle’s surface (Figure 1).

We estimated each particle’s mass using its measured
major and minor axes and assuming its shape to approximate
a prolate spheroid of density 1.65 g/cm3 (15). The average
ratio of estimated mass to measured mass was an encouraging
1.03 ( 0.47. This result is helpful when converting size
distributions measured for detonation residuals to corre-
sponding mass distributions (3, 4).

Dissolution Tests. Table 2 summarizes the results for the
four particle-dissolution tests. Photographs before dissolution
revealed a different appearance for each particle, which we
attribute to different heating histories through the detona-
tions. The average flow rate of 0.51 ( 0.01 mL/h produced
∼20 drops per hour with an average size of 4 mm. This was
larger than the 1.4-mm mass-average raindrop size expected
for the equivalent 0.55 cm/h rainfall rate (16). The Comp B
particles were free to move around on the filter and were,
therefore, not struck directly by every drop.

Test 1. Particle 1 initially measured 2.1 × 1.4 × 0.96 mm3

and was from detonation LO-a. Although we did not weigh
it initially, the analyzed dissolved mass plus the end mass
indicate an initial HE mass of 1821 µg. Concentrations of
TNT in the effluent were high during the first 24 h, 6 mg/L
for TNT compared with 3 mg/L for RDX. These values were

TABLE 1. Analysis of 30 Comp B Particles Recovered from
Detonation LO-a (81-mm Mortar)

measured
mass
(µg)

RDX/
TNT
ratio

mass fraction
recovered
by HPLC

mass estimated
from particle

dimensions (µg)

mass ratio
estimated/
measured

1855 1.48 0.96 2260 1.22
2931 1.53 0.95 4510 1.54
1486 1.60 0.95 1340 0.90
2379 1.57 0.95 2070 0.87
1495 1.69 0.96 2200 1.47
1975 1.62 0.96 2160 1.09
10160 1.95 0.99 16600 1.64
941 1.94 0.94 633 0.67
595 1.99 0.95 402 0.68
366 2.48 0.98 359 0.98
420 1.52 0.94 302 0.72
251 2.17 0.96 213 0.85
369 2.22 0.97 307 0.83
857 2.23 0.95 1870 2.18
972 1.62 0.95 712 0.73
1225 1.64 0.96 1230 1.00
1133 1.64 0.96 752 0.66
976 1.66 0.95 640 0.66
13556 1.99 0.98 19200 1.42
1899 1.55 0.96 1170 0.62
28034 1.40 0.95 37100 1.32
779 1.79 0.97 648 0.83
533 1.83 0.97 541 1.02
924 1.41 0.94 680 0.74
237 1.62 0.96 148 0.62
2704 1.72 0.95 6620 2.45
936 1.59 0.96 470 0.50
697 1.48 0.94 434 0.62
814 1.42 0.96 621 0.76
6672 1.94 0.95 9280 1.39
average 1.74 0.96 1.03
std dev 0.28 0.01 0.47

FIGURE 1. Micrograph showing metal, soil, and soot (very dark
areas) adhering to a Comp B particle from a low-order detonation.
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well below their respective solubility limits in water (Table
3). During this period, the particle’s surface texture changed
from smooth to bumpy (Figure 2). The change in surface
texture and the elevated TNT concentrations at the beginning
of the experiment were due to preferential dissolution of the
surface TNT that exposed some of the RDX crystals. The TNT
mass-loss rate then steadily decreased until it was about half
of the RDX value (Figure 3).

The ratio of RDX/TNT dissolved in each of the 580 water
samples varied over a factor of 8 around a long-term average
of 1.72 (Figure 4), apparently reflecting the relative exposed
surfaces of the RDX and TNT constituents. Some RDX crystals
(typically about 0.1 mm in size) also broke free from the
main particle. Clearly, particle dissolution did not proceed

as if the RDX and TNT were homogeneously mixed and
dissolving independently. Bulk Comp B can contain ∼ 5%
HMX, a byproduct of the RDX manufacturing. Less than 1%
HMX was recovered from this particle, suggesting that HMX-
free RDX was used for this round. We also saw very little
2Am-DNT and 4Am-DNT, the breakdown products of TNT,
because the water samples were analyzed promptly.

Test 2. Particle 2 initially weighed 102 µg and was from
detonation LO-b. Its round shape and smooth exterior
indicated that at least the outer surface of the particle had
melted. We saw low concentrations of TNT and hardly any
RDX for the first 2 days of the experiment (Figure 5).
Photographs of the particle also show relatively little change

TABLE 2. Summary of Conditions for Dissolution Tests

Test 1 Test 2 Test 3 Test 4

particle from detonation LO-a LO-b LO-b LO-b
particle dimensions (µm) 2150 × 1400 × 960 430 × 420 × 330 700 × 550 × 400 1350 × 925 × 900
initial mass (µg) 1821a 102 276 1153
test duration (days) 68 16 11 42
total water volume (mL) 847 191.5 127.5 403
water flow rate (mL/h) 0.518 0.505 0.501 0.512
mass dissolved (µg) 1730 52.6 76 383
dissolved RDX/TNT 1.72 0.80 0.96 0.84
end mass (µg) 92 35 particle lost 701
end RDX proportion (%) 99 69 ? 66
total recovered RDX/TNT 1.86 1.19 ? 1.43
mass recovered (%) 92 85.9 ? 94.0
mass dissolved/initial mass 0.87 0.52 0.28 0.33
a Sum of the HE mass dissolved and the end mass.

TABLE 3. Model Parameters for RDX and TNT in Water at 25
°C

parameter RDX TNT Comp B source

Sj (g/cm3) 4.6 × 10-5 1.3 × 10-4 (9, 21)
Dj (cm2/s) 2.2 × 10-6 6.7 × 10-6 (10, 21)
Fj (g/cm3) measured measured 1.65 (15, 21)

FIGURE 2. Micrographs of Particle 1 (a) before dissolution and (b)
after dissolution for 68 days, at which point the particle was 99%
RDX.

FIGURE 3. Dissolution of Particle 1 measured (symbols) and modeled
for slow percolation (smooth lines). The predicted independent
dissolution of TNT is too fast and does not track that of RDX. At the
end of the test, the 0.092-mg particle was 99% RDX, accounting for
the gap between the predicted and the measured results.

FIGURE 4. RDX/TNT ratio for 580 individual effluent samples
collected from Particle 1.
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in the surface appearance. Wax initially used to coat the RDX
crystals during manufacture may have concentrated at the
surface as the particle was formed by the detonation. Starting
at day 2.8, however, both the TNT and the RDX concentrations
increased by 1-2 orders of magnitude. Photographs revealed
that part of the smooth surface was gone and that RDX crystals
were exposed. After 5 days, a portion of the outer smooth
surface was still present on one side of the particle. The RDX/
TNT in the dissolved mass averaged 0.80, which increased
to 1.19 with the addition of the end mass. The RDX/TNT
ratio of individual effluent samples also varied by an order
of magnitude but showed fewer cycles than Particle 1.

Test 3. Particle 3 initially weighed 276 µg and was from
LO-b. The experiment was short-lived because we lost the
particle while attempting to photograph it. This particle had
a dark smooth exterior, which looked melted. Unlike Particle
2, however, it immediately began to dissolve. Like the other
tests, the HE concentrations in the water samples showed
a step dissolution pattern, and the RDX and TNT mass losses
tracked each other (Figure 5). The RDX/TNT ratio calculated
from the dissolved mass was 0.96, with individual samples
again showing an order of magnitude variation.

Test 4. Particle 4 initially weighed 1153 µg and was also
from LO-b. This lumpy particle had been heated, but may
not have been melted, by the detonation. Similar to Test 2,

there was a period at the beginning of the experiment when
both RDX and TNT dissolved very slowly (Figure 5). Pho-
tographs showed that the particle became lighter colored on
day 9, indicating loss of its dark, soot-containing surface.
Individual RDX crystals were evident on day 12. These
changes in the particle’s appearance coincided with large
increases in the dissolution rates. The RDX and TNT
concentrations again tended to track each other. The RDX/
TNT in the dissolved mass averaged 0.84, which increased
to 1.43 with the addition of the end mass. The RDX/TNT
ratio in individual samples showed a fairly steady increase
during this test, although the test may have been too short
to observe large fluctuations in this ratio characteristic of the
other tests.

Dissolution Models. The drip experiment mimics a
raindrop falling on or near an HE particle lying on porous
soil. When a water droplet strikes the surface, it wets the
particle and inundates the surface to some depth. The water
then percolates into the soil or runs off overland. Stable-
isotope measurements (summarized in refs 17 and 18)
indicate that most rainfall percolates directly into the soil
and little runs overland into rivers, except in areas having
highly impermeable surfaces (e.g., urban areas, exposed rock).
This is true even during heavy rainstorms. Consequently, on
the time scale of a storm (hours) rainfall rates approximate
infiltration rates. However, water can pool on the soil surface
between the arrival of raindrops at a given location (seconds
to minutes). The depth of water will depend on the
percolation rate relative to the rainfall rate, and this relative
rate establishes the two regimes that we model here for
dissolution of Comp B.

Slow Percolation: Steady-Flow Dissolution Model. When
the percolation rate of water into the soil is slow, water will
pool on the surface during a rainstorm. The mean flow
velocity of water past an exposed HE particle will then
approximate the average rainfall rate during the storm.

Chambre et al. (19, 20) developed an analytical model for
the dissolution of low-solubility species from a cylindrical
waste form imbedded in porous rock or soil. Matyskiela (21)
applied this model to predict dissolution rates of Comp B
particles in soil under the assumption that the RDX and TNT
components dissolve independently. The model assumes that
under steady conditions the dissolved concentration of a
species at the solid-water interface is the solubility limit for
that species. It was developed for the case of a long cylinder
of radius R perpendicular to the mean flow and assumes that
the flow field derives from Darcy’s potential flow in the porous
medium, with U the pore velocity far from the cylinder. It
solves the case of large Peclet number, Pe ) UR/Dj > 4, where
Dj is the diffusion coefficient of species j, then applies the
calculated average mass flux over the surface of a finite
cylinder. The resulting steady-state dissolution rate, mj (g/
s), of species j is

where φ is the soil porosity, Sj is the solubility limit of species
j in water (g/cm3), Dj is the diffusion coefficient of species
j in water (cm2/s), U is the far-field pore velocity (cm/s), R
is the cylinder radius (cm), L is the cylinder length (cm), and
AF is the area factor, introduced here to allow particle surface
area to differ from that of a smooth cylinder (AF ) 1)

We may apply this model here for the case of φ ) 1 because
the mean percolation rate is low (Reynolds number , 1).
Also, Chambre et al. (19) indicate that dissolution reaches
steady state for time t > 1.2R/U. For U ) 0.55 cm/h, all
particles would reach steady-state dissolution in less than
0.1 h, very short compared with the run time of the
experiments.

FIGURE 5. Mass loss vs time for Particles 2, 3, and 4.

mj ) 8π-1/2
φSj(DjU)1/2(1 + R/L)/(R/L)(AF)R3/2 (1)
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The mass of species j in the particle at any time is

where Fj is the density of j in Comp B. To determine the
change in particle size with time, we may differentiate eq 2
and set it equal to the negative of eq 1. A simplifying
assumption is that cylinder aspect ratio, R/L, remains
constant. The change in particle size with time t thus becomes

where R0 is the initial radius and

Comparing eqs 1 and 3, we find that the predicted dissolution
rate decreases linearly with time.

The heterogeneous nature of Comp B particles caused
the instantaneous dissolution rates and the RDX/TNT ratios
to vary significantly about mean values. Because we are
concerned with overall trends, we compare the measured
and predicted cumulative dissolution or mass loss, Mlossj,
versus time, which integrates these variations

where Aj ) 8π-1/2φSj(DjU)1/2(1 + R/L)/(R/L)AF ) mj/R3/2 To
apply this model, we calculated the equivalent cylinder for
each particle, preserving the measured initial mass and
minor-axis/length ratio. We also used the measured RDX/
TNT ratio for each particle (Table 2) because they varied
from the nominal Comp B average of 1.54. Table 3 sum-
marizes other parameters used.

As written, eq 4 allows independent dissolution of RDX
and TNT by selection of species-specific parameters Sj, Dj,
and Fj. However, the drip experiments indicate dissolution
of RDX controls the dissolution of Comp B, and the particle
approximately preserves its mean RDX/TNT ratio throughout
dissolution. To implement this approximation, we use RDX
parameters in eq 4 and preserve the mean RDX/TNT ratio

Figure 3 compares the measured and predicted cumulative
dissolution rates for Particle 1. The agreement is quite good.
Note that to obtain this good agreement we increased the
effective surface area by a factor of 2 compared with a smooth
cylinder to increase its dissolution rate (i.e., AF ) 2 in eq 1).
For the other three particles, AF ) 1 produced good agreement
with measured results.

Figure 3 also confirms the finding that the dissolution of
RDX controls the dissolution of TNT in the Comp B particles.
Independent dissolution of TNT would proceed much more
quickly because both the solubility limit and the diffusion
coefficient are about 3 times higher than those of RDX (eq
1).

To compare the measured and predicted dissolution rates
for all Comp B particles, it is helpful to nondimensionalize
eq 4

where M0j is the initial mass of species j in the particle and

t0j is the dissolution time of species j in the particle (via eq
3)

Figure 6 compares the predicted dimensionless mass loss
versus time for the four test particles. Note that we used t0j

(or equivalently Bj) calculated for RDX to scale the test times
for both RDX and TNT mass loss. The agreement is quite
good for all four test particles, although only Tests 1 and 2
ran long enough to dissolve more than half of the initial
particle masses.

Strictly speaking, the four test particles fall outside the
range of validity of eq 1. For RDX at the average flow velocity
(0.51 cm/h), eq 1 is valid for particles with radii larger than
about 0.6 mm. The four particles had starting radii ranging
from 0.43 to 0.18 mm, and the radii decreased as they
dissolved during the tests. Nevertheless, agreement of the
theory with the data is good, especially considering the
general lack of tuning parameters.

Fast Percolation: Drop-Impingement Dissolution Model.
When the percolation rate of water into the soil is fast, water
will not pool on the surface during a rainstorm but disappear
quickly into the ground. Raindrops impinging nearby will
repeatedly wet an exposed HE particle. Between raindrops,
the particle will hold a stagnant water layer against its surface,
but otherwise the particle will not feel a mean flow. If this
water layer is thin, then it will saturate, via diffusion, with
dissolved HE before arrival of the next raindrop. The next
drop will then wash away the dissolved HE and refresh the
stagnant layer.

It is straightforward to model this process for a spherical
particle. The time-dependent diffusion equation governs the
HE saturation of a stagnant water layer on the particle

The boundary conditions are cj ) Sj on the particle surface
r ) a and ∂cj/∂r ) 0 on the outer surface of the water film

FIGURE 6. Dimensionless mass loss for each test particle vs
dimensionless time compared with prediction based on a steady-
flow model (eqs 6 and 7). The dissolution time used to scale test
time is that for the RDX content in each particle.

t0j )
R0

3/2

Bj
(7)

∂cj

∂t
) Dj(∂2cj

∂r2
+ 2
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∂cj

∂r) (8)

Mj ) Fj
4
3

πR3/(R/L) (2)

R3/2 ) R0
3/2 - Bjt (3)

Bj ) 4π-3/2
φ(Sj/Fj)(DjU)1/2(1 + R/L)AF

Mlossj ) Aj(R0
3/2t - Bjt

2/2) (4)

MlossTNT ) MlossRDX

FTNT
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r ) b. The initial condition is cj ) 0 for a new water layer.
The water layer thickness is h ) b - a.

Solutions to this problem (e.g., refs 22 and 23) show that
the water layer will saturate (average concentration > 0.9Sj)
for dimensionless time Djt/h2 > 1. The experiments had an
average drip rate of about 20 drops per hour. For the case
where RDX controls the dissolution of TNT, a water layer
thinner than about 0.2 mm will saturate with RDX between
drops. This is about the right scale for water layers observed
on the test particles. The resulting mass of RDX and TNT in
the saturated film is

Equation 10 maintains the mean RDX/TNT ratio of the Comp
B particle throughout dissolution and enforces the assump-
tion that dissolution of RDX controls the dissolution of the
particle.

The mass loss per drop is discrete rather than continuous.
However, the incremental changes are small, and we may
approximate this as a continuous process using the average
mass-loss rate over time interval td between drops

Equation 11 may be integrated, assuming h is a constant, to
obtain the time to dissolve to a particle to a given size. In
dimensionless form, the solution is

where x ≡ a/h and the subscript zero denotes initial
conditions. Equation 12 cannot be inverted to solve for
particle size as a function of time. Thus, to collapse the test
data, it is convenient to plot dimensionless mass loss versus
dimensionless time

where the dissolution time is

We do not know the exact thickness of the water layer
and whether it varies with particle size. At present, this

parameter must to be determined by fitting the test data,
and selecting h ) 0.2 mm for Particle 1 and h ) 0.1 mm for
the other three particles produces good agreement (Figure
7). With these parameters, the drop-impingement model
collapses the data as well as the slow-percolation model.

Note that this model also predicts that independent
diffusion of TNT and RDX into the stagnant water layer would
cause faster than observed dissolution of the TNT in Comp
B. The saturated mass of TNT in the layer would increase to

For the four test particles, this model indicates that the
rate for independent dissolution of TNT would be 2-5 times
higher than that when the dissolution of RDX controls the
TNT rate. As with the steady-flow model, the resulting
predictions would not fit the observed data.

The models presented here offer analytical predictions
for the dissolution time of Comp B under the action of rainfall
as functions of particle size or mass (eqs 7 and 15). Figure
8 shows the resulting predictions for nominal Comp B
composition (RDX/TNT ) 1.54) and the following model
inputs: cylindrical particles, R/L ) 0.3, U ) 0.55 cm/h, AF
) 1.5 for the slow-percolation model, and spherical particles,
h ) 0.15 mm, 20 drops/h for the drop-impingement model.
The good fit of the models to the test data allows cautious
extrapolation beyond the range of the test particles. The
predicted dissolution times for the four test particles differ
from the curves because they use particle-specific parameters
for the RDX/TNT ratio, cylinder aspect ratio, AF, and h. Also,
the predictions in Figure 8 do not include any time delay for
the dissolution of waxy outer layers. Such factors could be
included using statistics from the dissolution of a larger
number of test particles.

Comparisons with Other Dissolution Studies. Matysliela
(21) modeled the dissolution of a cylindrical block of Comp
B in contact with porous soil. The model included both
diffusion and advection of RDX and TNT through a boundary
layer adjacent to the Comp B block. The advection model
derives from Chambre et al. (19, 20) and is identical to the
steady-flow model presented here except Makysiela assumed
that RDX and TNT dissolve independently. Consequently,
the predicted TNT dissolution rate is much faster than that
of RDX, contrary to our findings. As expected, Matyskiela
found that mass loss by diffusion is much slower than that
by advection for all cases modeled. Matyskiela also pointed
out that mass-loss based on annual average flow, rather than
“burst” rainstorm flow, overpredicts loss rates. This is because
dissolution rate increases as U1/2 (eq 1) while duration
decreases as U for the same total annual rainfall.

Phelan et al. (12) layered Comp B particles within a matrix
of glass beads in a cylindrical column and subjected them
to steady water flow (0.16-0.70 cm/h). The particles were
manufactured from bulk Comp B and sieved to produce
narrow size distributions centered on 0.1 and 1 mm.
Micrographs showed fine HE dust adhering to the surfaces
of the particles. The concentration of TNT and RDX in the
effluent was measured at regular intervals, and residuals in
the glass-bead matrix were measured at the end of each test.
We would expect these results to follow predictions based
on the steady-flow model presented here. Unfortunately,
direct comparison has proven difficult. Bed loading was
sufficiently high in many cases that interaction between
Comp B particles probably occurred. Also, the HE surface
dust would have dissolved rapidly at the onset of each test,
accounting for initial concentration spikes. Recovered RDX
ranged from 59% to 174% of initial RDX mass, and recovered
TNT ranged from 35% to 89% of initial TNT mass. The authors
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could not account for these discrepancies, which make it
difficult to quantify dissolution times and mass-loss profiles.

Despite these shortcomings, some comparisons are
possible. Two representative tests that used low bed loading
(MT8c and MT16) indicate that TNT dissolved about twice
a fast as RDX, not 6.7 times faster as predicted by eq 1 for
independent dissolution. Also, the dissolution rates during

both tests did not decrease linearly with time, as predicted
by eqs 1 and 3, but flattened out as the tests progressed.
Because the test particles consisted of size ranges, the smaller
particles would dissolve quickly, and the dissolution rate
would flatten out as only larger particles remain.

Lynch et al. (11) cast TNT and Comp B into disks (5.5 cm
in diameter × 0.88 cm thickness) and measured their initial
dissolution rates in a fixed water volume stirred at a constant
rate. They also measured the dissolution rates of pure RDX
and TNT particles dissolved separately and in unbound
mixtures in the same proportions as found in Comp B. They
normalized the measured rates by the measured or calculated
area of the constituents exposed on the surface of the samples.
While interesting, these experiments are difficult to compare
with those conducted here. The experiments obtained the
initial dissolution rates of TNT and RDX in Comp B and did
not track changes as the particles dissolved and varied in
size, surface texture, and composition. Also, the method
described by Lynch et al. (10) to equate mixing power with
rainfall power uses empirical correlations not easily applied
to our tests. An important result, that dissolution rate per
unit area for TNT in Comp B is significantly lower than that
for pure TNT flakes, seems reasonable. However, they also
found that the cast TNT samples had lower dissolution rates
per unit area than those of pure TNT flakes. Similarly, the
RDX in Comp B had lower dissolution rates per unit exposed
surface area than those of pure RDX. Lynch et al. do not
explain why the surface area corrections do not collapse these
results.

Discussion
We designed our experiments to mimic rainfall-driven
dissolution of HE residuals deposited on surface soils of firing
ranges. They are the first experiments to dissolve individual
HE particles collected from the detonation of live munitions,
to drip water onto the particles, and to track changes in the

FIGURE 7. Dimensionless mass loss for each test particle vs dimensionless time compared with prediction based on the drop-impingement
model (eqs 12-15). The small differences between the predicted curves reflect different values of the ratio of initial particle size to layer
thickness, x0 ) a0/h.

FIGURE 8. Predicted dissolution time (rainfall days) vs particle size
for steady-flow and drop-impingement models based on nominal
Comp B composition, rainfall of 0.55 cm/h or 20 drops/h, and AF )
1.5 (steady) and h ) 0.15 mm (drip). Also shown are the predicted
dissolution times for the four test particles, using particle-specific
parameters.
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particles as dissolution proceeds. These features have proven
to be important.

The Comp B detonation residuals were from blow-in-
place, low-order detonations that should replicate live-fire,
low-order detonations. The particles had a variety of surface
textures and RDX/TNT ratios. The onset of dissolution was
delayed for two of the four test particles, apparently owing
to surface texture. Initially, we thought that the different
particle RDX/TNT ratios were due to their heating histories.
However, separate chemical analyses of crystalline grains
and melt spheres are not significantly different (4). Comp B
particles from the same detonation do, however, have similar
RDX/TNT ratios. The 30 analyzed particles (Table 1) and
Particle 1 came from detonation LO-a. These have RDX/
TNT ratios of 1.74 ( 0.28 while Particles 2, 3, and 4 from
detonation LO-b have RDX/TNT ratios 1.19 ( 0.23. We suggest
that either the original composition of a round or the specifics
about how it detonated affected the RDX/TNT ratios in the
residuals. These effects would not be seen for test particles
manufactured from bulk Comp B.

Detonations scatter HE residuals onto the surface of firing
ranges at very low spatial concentrations. Energy differences
suggest that the particles are not likely to be covered by soil
from the same detonation. They are subsequently exposed
directly to rainfall, and each particle dissolves independently.
The arriving rain drops can impinge directly on a particle or
they can inundate a particle and produce a slow, steady flow.
Our apparatus focuses on dissolution of surface-deposited
particles and can mimic either flow regime.

At the onset of the dissolution of Comp B, surface TNT
quickly dissolves, leaving exposed RDX crystals that impede
further dissolution of TNT. Particle texture quickly changes
from relatively smooth to lumpy. Subsequently, the dissolu-
tion rates of the two components and their ratio in the effluent
can both vary by an order of magnitude on short time scales
(hours). This reflects the relative exposed areas of the two
compounds and intermittent release of an RDX crystal. On
longer time scales (days), the relatively slow dissolution of
RDX controls dissolution of TNT and the Comp B particle as
a whole by limiting the exposed surface area of TNT. These
characteristics have not been reported previously and have
not been considered when determining dissolution times
for Comp B residuals. Importantly, they are not replicated
by measuring the initial dissolution rates of Comp B particles
of different average size. Also, these characteristics are difficult
to discern when numerous Comp B particles are dissolved
at once.

The finding that the relatively slow dissolution of RDX
controls dissolution of Comp B seems intuitively reasonable.
It suggests that TNT diffuses very slowly through RDX and
can only dissolve at locations where it is directly exposed to
water. Local dissolution of TNT exposes more RDX and less
TNT surface area, slowing down the dissolution of TNT. The
exposed areas of RDX and TNT in a particle can vary broadly
during the experiment, including times when an RDX crystal
falls off the Comp B particle. These effects cause the wide
variation of RDX/TNT in the effluent. However, overall the
TNT dissolves at a rate that approximately maintains the
average RDX/TNT ratio of the particle, with the time scale
controlled by dissolution of exposed RDX. Exceptions include
the initial rapid dissolution of exposed TNT and final stages
when nearly all of the TNT remaining is exposed or only RDX
remains. A similar finding should apply for other HE mixtures
with components that dissolve at different rates, for example,
Octol (70% HMX, 30% TNT).

The two dissolution models presented here attempt to
bracket the behavior of an HE particle on porous soil exposed
to rainfall. The suitability of one or the other will depend on
soil permeability relative to rainfall rates at the sites of interest.
For slow percolation of rain into the soil, the particle will

experience relatively steady flow at a low Reynolds number.
The steady-flow model based on that developed by Chambre
et al. (19, 20) should work well for this case. For rapid
percolation of rain into soil, individual raindrops falling near
the particle will cause dissolution, and the drop-impingement
model developed here should work well. For simple particle
geometries, the models yield analytical expressions for
dissolution rates and times. Control of particle dissolution
by the slowest dissolving component is easy to implement
by using that component’s parameters for time-scale cal-
culations.

Both models agree well with our test data, and dimen-
sionless predictions collapse the dissolution time sequencees
for all four particles. They each predict that independent
dissolution of TNT would cause TNT loss rates to be several
times faster than observed rates. The models can be applied
to predict dissolution of single-component HE residues, such
as TNT, and other compositions consisting of slow- and fast-
dissolving components. They can also be applied using site-
specific soil permeability and rainfall data. The steady-flow
model can also be applied to the case of HE particles buried
in porous soil by simply selecting an appropriate porosity
(the intended use of the original model by Chambre et al.
(19, 20)).

The models rely primarily on well-known parameters for
the constituent compounds, such as solubility, diffusivity,
and density. A single tuning parameter, area factor (AF) for
the steady-flow model and layer thickness (h) for the drop-
impingement model, must derive from direct measurements
or fitting to dissolution data. Variations in these parameters
should reflect physiochemical differences in the particles.
However, detonations release thousands of particulate
residuals. While desirable, linking AF and h to physiochemical
features then would require linking those features to
detonation processes to predict their statistics. At present,
we think obtaining AF and h statistics by fitting the models
to dissolution data is more practical.

These models offer promising methods to predict dis-
solution rates for HE particles on firing ranges. However,
they have been validated using only four test particles. More
tests are needed to assess the variability in the tuning
parameters, to confirm the predicted time sequences, and
to improve confidence in predicted dissolution times outside
the range of particle sizes tested here. As mentioned,
dissolution rates in the two models have different dependence
on rainfall. The dissolution rate varies with average rainfall
rate (U1/2) for the steady-flow model and drop arrival rate
(1/td) for the drop-impingement model. However, these are
not independent parameters but are linked by rainfall physics;
drop sizes and arrival rates increase with increasing rainfall
rates (16). Thus, a sensitivity study to assess the differences
between the two models should include this interdependence
of rainfall parameters. Also, the models describe only
dissolution of HE particles and do not address other factors
such as sorption, dispersion, and dilution that influence the
transport of the explosives. These effects must be addressed
to obtain reliable predictions for HE concentrations in
groundwater at training ranges.
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